Micro-obstacles like microvessels, intercellular clefts and fibrotic layers in cardiac tissue influence the propagation of an excitation wavefront and therefore may lead to arrhythmias. Detection and classification of these structures is challenging because of the small dimensions of the fibrotic inlays and their different spatial characteristics. Our hypothesis is that local recordings of extracellular signals with high spatial resolution can reveal structural properties by applying electrical stimuli around the recording site and analyzing the directional dependence of signal parameters. Myocardial preparations of 5 guinea pigs and 5 rabbits were used. A flexible miniature sensor array comprising 4 electrodes with 50 µm inter-electrode spacing was placed on the tissue preparation to record extracellular potentials. The tissue was paced at varying positions around the sensor array at twice threshold current. For analysis the signal amplitude A and the fractionation index FI (i.e. the number of deflections within the potential waveform) were computed. The evaluated parameters showed the expected directional dependence and therefore enable the classification of the directional dependence of pacing site on extracellular potentials. This could provide the basis to characterize and quantify fibrosis in cardiac tissue by means of pacing techniques and signal analysis.
Introduction
At a macroscopic level the myocardium can be seen as an excitable medium with continuous and anisotropic conduction of an electrical excitation wave. Anisotropic conduction arises from the different density of electrical connexons lateral and frontal to the cylindrically shaped myocytes. At a microscopic level adjacent myocytes are not well coupled electrically due to the presence of obstacles for electrical conduction i.e. microvessels, intracellular clefts, and fibrotic tissue layers. Continuous conduction then changes to discontinuous conduction which means fractionation of a smooth depolarization wavefront into multiple wavefronts propagating along complex and tortuous pathways with small delays to each other. Close to the tissue surface extracellular potentials Φ e change their configuration into fractionated electrograms with multiple deflections [1] . Furthermore, the amount and spatial distribution of fibrotic tissue layers is thought to be arrhythmogenic [2] . The resolution in detecting temporal delays in fractionated electrograms depends on the resolution of the recording system and on the size and configuration of the micro-obstacles present in the tissue. Detection and classification of fibrosis is therefore challenging because of the small dimensions of the fibrotic inlays and the different spatial characteristics (interstitial, compact, patchy, diffuse) [3] . Our hypothesis is that local recordings of extracellular potentials Φ e with high spatial resolution can reveal structural properties of electrical uncoupling structures by applying electrical stimuli around a recording site and analyzing the directional dependence of signal parameters. A recent computer study has confirmed this hypothesis [4] . [5] . Unipolar extracellular potentials Φ e were derived with respect to a circular Ag/AgCl reference electrode at the bottom of the tissue bath. Signals were amplified (gain 100), lowpass filtered (4 th -order Bessel, -3 dB point at 20 kHz), and digitized at a sampling rate of 100 kHz per channel (NI PXI-6123, National Instruments, Austin, Texas). The tissue was paced at varying positions around the sensor array by applying electrical stimuli with 1 ms duration and at twice threshold current using a single lead tungsten wire and a constant current source (Stimulus Isolator A360, WPI, Sarasota, Florida).
Methods
Measurement positions and stimulus sites were documented with a digital SLR camera (EOS 5D Mark II, Canon, Japan) For analysis in this work the peak-to-peak amplitude A of extracellular potentials Φ e and the fractionation index FI were computed. FI was determined from the first temporal derivative dΦ e /dt of the extracellular potential Φ e and is defined as number of negative peaks in dΦ e /dt. In case of multiple deflections only those exceeding 20% of the largest deflection in dΦ e /dt were taken into account. Figure 1 illustrates typical extracellular potentials Φ e with different fractionation index. 
Results
From 5 guinea pig hearts, 3 right ventricular tissue preparations (RVTP) and 2 left ventricular tissue preparations (LVTP) were included. In RVTP 4 recording positions with a total of 37 stimulus sites and in LVTP 5 recording sites with a total of 45 stimulus sites were measured. In tissue preparations from rabbit hearts we obtained successful circumferential stimulation only in 2 left atrial tissue preparations (see section Discussion and Conclusions). A total of 5 recording positions with 46 stimulus sites were measured and analyzed in these preparations. Figure 2 shows a typical tissue preparation with one recording site and corresponding circumferential stimulus sites. Analysis of all measurements performed (128 recordings) demonstrated that peak-to-peak amplitude A of extracellular potentials Φ e is largest in non-fractionated signals with FI = 1 and is statistically significant lower (p < 0.05) in fractionated signals (i.e. signals wit FI ≥ 2) as shown in Figure 3 .
Three classes for quality of uncoupling structures were chosen: (i) well coupled tissue, (ii) tissue with obstacles oriented in parallel to the myocardial fiber direction, and (iii) tissue with complex oriented obstacles. In well coupled and densely packed tissue, FI was 1 for most stimulus sites and 2 for all others. Figure 4 illustrates this directional dependence for one exemplary tissue preparation. In tissue with micro-obstacles oriented in parallel to the myocardial fiber direction, fractionation index FI is 1 only for stimulus sites aligned at 180° to each other (stimulation along fiber axis). For all other stimulus sites FI can become much larger than 1, depending on the number and size of adjacent obstacles (see Figure 5 ). In tissue with complex oriented micro-obstacles, fractionation index FI is expected to be large regardless of the stimulus site with no symmetry or specific directional dependence. Figure 6 shows results for a measurement site with underlying complex oriented micro-obstacles. 
Discussion and Conclusions
In our experiments we applied methods of FI analyses on cardiac tissue preparations from guinea pigs and rabbits. All evaluated parameters showed one of the expected directional behaviors for the three different classes of uncoupling structures as mentioned above.
In an ideal well coupled and densely packed tissue, FI should remain 1 regardless of the stimulus site. The example shown in Figure 4 comes close to this behavior. Obviously just one major longitudinal obstacle generates fractionation with FI = 2 representing delayed excitation waves on either side of the obstacle. The amplitude A for this example suggests a directional dependence from longitudinal to transversal conduction due to anisotropic conduction in the tissue. Direction of the wavefront at the recording sites was determined from digital images obtained during the experiments. Because of point-like stimulation in the vicinity of the recording site (distance some 100 µm) no planar wavefront can be assumed at the recording site. Therefore it is quite possible that the wavefront at the recording site has a different direction than estimated from digital images. This shift in direction together with the delay of stimulus response at the recording site (i.e. a measure of conduction velocity) might be an additional parameter for tissue classification.
The experiments have confirmed the findings of the underlying computer simulation study [4] and therefore enable the classification of the directional dependence of pacing site on parameters obtained from extracellular potentials Φ e . This could provide the basis to characterize and quantify microfibrosis in cardiac tissue by means of potential recordings combined with appropriate stimulus protocols. All 5 tissue preparations from guinea pig hearts were paced epicardially around different recording sites. From 5 tissue preparations from rabbit hearts circumferential pacing was successful only in 2 left atrial preparations.
The difficulties in pacing could arise from 2 circumstances: (i) Tissue preparations from the left and right ventricle showed very thick layers of fatty tissue and therefore application of current pulses might not be feasible at every stimulus site we need for circumferential pacing.
(ii) Superfused tissue preparations thicker than 1 mm might become ischemic to an extent that normal function of excitation spread is not warranted. Thicker preparations would need perfusion techniques to ensure sufficient supply of oxygen. Tissue preparations from guinea pig hearts seem to have enough oxygen supply through diffusion processes from the oxygenated Tyrode's solution. Histological data of the regions examined in the experiments are not available at the moment, but the preferential direction of conduction can be obtained by means of the vectors of local conduction velocity, which can be computed from the four signals of closely spaced recording electrodes of the used multielectrode sensors. Fine superficial structures in the submillimeter range like microvessels can be identified in digital images of the tissue preparations (cp. Figure 2 ).
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